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Matrix Metalloproteinase-8 Is Involved in Dermal
Nerve Growth: Implications for Possible Application
to Pruritus from In Vitro Models
Mitsutoshi Tominaga1, Suhandy Tengara1, Atsuko Kamo1, Hideoki Ogawa1 and Kenji Takamori1,2
Cutaneous nerve density is related to abnormal itch perception in dermatoses, such as atopic dermatitis and
xerosis. However, the mechanisms underlying the elongation of dermal nerve fibers within the interstitial
collagen (CoL) matrix are poorly understood. In this study, a culture system of rat dorsal root ganglion neurons
consisting of type I CoL and a Boyden chamber containing a nerve growth factor (NGF) concentration gradient
was used. Nerve fibers penetrating into type I CoL gel were observed in the presence of the NGF concentration
gradient. Levels of matrix metalloproteinase-8 (MMP-8) mRNA and protein were increased in the cultured
neurons and the conditioned medium, respectively. The nerve fiber penetration was dose dependently
inhibited by MMP-8 blockers. Moreover, MMP-8 immunoreactivity was partially localized at growth cones
in NGF-responsive nerve fibers. Semaphorin 3A stimulation also showed the opposite effects on these
NGF-dependent events. Intriguingly, MMP-8 expression was upregulated by type I and III CoLs, which are
substrates for this enzyme. These results suggested that MMP-8 is involved in sensory nerve growth within the
interstitial CoL matrix through modulation by the axonal guidance molecules and/or extracellular matrix
components. These findings provide insight into the development of pruritus involving skin nerve density.
Journal of Investigative Dermatology (2011) 131, 2105–2112; doi:10.1038/jid.2011.173; published online 23 June 2011
INTRODUCTION
Pruritus, or itch, is the most common symptom of dermato-
logical diseases in addition to several systemic disorders,
such as renal failure. Numerous pruritogenic mediators and
modulators released in the periphery may directly activate
itch-sensitive C-fibers by binding to specific receptors on
the nerve terminals. Alternatively, these molecules may
function indirectly by releasing pruritogenic mediators and
modulators from other cells. Nerve fibers can be activated by
exogenous mechanical and chemical stimulation, resulting in
itch responses (Ikoma et al., 2006; Paus et al., 2006).
Primary afferent fibers are acceptors of itch and pain
sensations in the skin. Histological observations have
indicated that epidermal nerve fibers are present at higher
densities in the skin of patients with prurigo nodularis, atopic
dermatitis (AD), psoriasis, contact dermatitis, and xerosis than
in healthy individuals (Ikoma et al., 2006; Tominaga and
Takamori, 2010). The hyperinnervation is probably caused
by the abnormal expression of axon guidance molecules,
such as nerve growth factor (NGF) and semaphorin 3A
(Sema3A), produced by keratinocytes (Tominaga et al.,
2007a, b, 2008; Tengara et al., 2010). Such increases in
nerve density are found in the dermis of patients with AD or
psoriasis (Urashima and Mihara, 1998; Nakamura et al.,
2003), as well as animal models such as NC/Nga mice
(Tominaga et al., 2009b). These findings are indicative of
increases in sensory receptors responsive to exogenous
trigger factors and to various endogenous pruritogens from
immune cells and keratinocytes, suggesting that hyperinner-
vation is partly responsible for intense itch perception.
However, the mechanisms of dermal nerve growth within
the interstitial collagen (CoL) matrix remain unknown.
Interstitial CoLs (types I and III) are major structural
components of the extracellular matrix (ECM) in the dermis
of mammalian skin (Elder et al., 2005). They are composed
of three polypeptide chains arranged in a rigid triple helix
conformation, rendering them resistant to degradation by
proteinases other than the interstitial collagenases. Matrix
metalloproteinases (MMPs) are a family of zinc-dependent
endopeptidases capable of degrading ECM components.
MMP-8 along with MMP-1 and MMP-13 are the major
members of the interstitial collagenase subgroup of the MMP
family. The interstitial collagenases mediate the initial and
rate-limiting step in interstitial CoL degradation by cleaving
the three CoL polypeptide chains (Gross and Nagai, 1965).
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Although MMP-8 cleaves all three interstitial CoLs, it differs
from MMP-1 in that it cleaves type I CoL (CoL1) at a higher
rate than CoL3. MMP-8 also degrades CoL2, the predominant
CoL of cartilage, at a higher rate than MMP-1 (Jeffrey, 2001).
Our recent study demonstrated that membrane-associated
MMP-2 contributes to the penetration of nerve fibers into
Matrigel, an in vitro model of the basement membrane,
through modulation by axonal guidance molecules and/or
ECM (Tominaga et al., 2009a). These findings raise the
possibility that neuronal interstitial collagenases are asso-
ciated with sensory nerve growth within the dermis, and that
axonal guidance molecules modulate the expression and
enzymatic activity of MMPs, which can degrade interstitial
CoLs, but the expression and roles of interstitial collagenases
in neurons are poorly understood.
In this study, a unique culture system of dorsal root
ganglion (DRG) neurons consisting of Boyden chambers and
CoL1 was used to investigate the mechanism of nerve fiber
elongation within the dermis of skin. Here we report the
participation of MMP-8 secreted from the nerve fibers in
the elongation mechanism and its possible application to
the understanding of pruritus.
RESULTS
Axonal outgrowth assays in the Boyden chamber
culture (BCC) system
Axonal outgrowth assays were performed using DRG neurons
grown on CoL1 gel-coated membranes in Boyden chambers
in the presence of an NGF concentration gradient (Figure 1a).
In the BCC system, to assess whether the membranes were
coated with CoL1 gel, they were stained with anti-porcine
CoL1 antibody. Immunoreactivity for CoL1 was reliably
detected in the CoL1 gel-coated membranes but not in the
uncoated membranes (Figure 1b).
The CoL1 gel-coated membrane was removed from the
Boyden chamber, and then stained with an antibody against
Tau, a protein enriched in the axons (Mandell and Banker,
1996). When immunofluorescence staining of the underside
of the membrane was observed on confocal laser scanning
microscopy, the number of Tauþ fibers that crossed the CoL1
gel-coated membrane was shown to have increased signi-
ficantly with the NGF concentration gradient compared with
controls (Figure 1c). Although DRG neurons were cultured
in the presence of axonal guidance molecules or MMP
inhibitors in this study, there were no significant differences
in neuronal survival among agents in comparison with
vehicle controls (Figure 1d and Supplementary Figure S1
online).
NGF-induced MMP-8 is involved in the penetration of nerve
fibers into CoL1 gel
To identify NGF-inducible MMPs involved in the process of
nerve fiber penetration, quantitative reverse transcription-
PCR (qRT-PCR) analyses using primers for interstitial col-
lagenases, such as MMP-1a, -8, and -13, were performed on
DRG neurons cultured in the BCC system. In the cultured
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Figure 1. Nerve growth factor (NGF) induced penetration of dorsal root ganglion fibers into collagen 1 gel in the Boyden chamber culture system.
(a) Schematic representation of the Boyden chamber culture system with collagen 1 gel-coated membranes and NGF concentration gradient. (b) Collagen 1
immunoreactivity (green) was detected in the collagen 1 gel-coated membrane but not in the non-coated membrane. They were also observed by
differential interference contrast (DIC) microscopy. Bars¼ 75 mm. (c) The number of Tauþ fibers that crossed the collagen 1 gel-coated membrane
was significantly increased with the NGF concentration gradient compared with the control (*Po0.01). (d) Methylthiazole tetrazolium assays for neuronal
viability. There were no significant differences among the different culture conditions. The values in c and d represent the means±SD from three
independent experiments.
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neurons, the levels of MMP-8 transcripts showed the greatest
increase with the NGF concentration gradient (Figure 2a
and Supplementary Figure S2a, b online). The amount of
MMP-8 in the conditioned medium was also examined by
western blotting analysis. In culture with the NGF concentra-
tion gradient, two species of MMP-8 were detected with
molecular weights of approximately 50–60 kDa, representing
latent and activated forms of less glycosylated non-poly-
morphonuclear leukocyte-type MMP-8 (Figure 2b and c), and
the amount of MMP-8 was modestly increased compared
with the controls (Figure 2d). Two bands of MMP-8 were also
detected at approximately 75–80 kDa in total lysate from
human neutrophils, representing latent and activated forms
of highly glycosylated non-polymorphonuclear leukocyte-
type MMP-8 (Prikk et al., 2002).
To further assess the direct involvement of MMP-8 in
nerve fiber penetration, its enzyme activities were blocked
with inhibitor molecules or neutralizing antibodies in the
BCC system. The penetration of nerve fibers into CoL1 gel
was dose dependently inhibited by MMP-8 inhibitor I,
whereas the negative control of its inhibitor, which is an
isomer, or the broad serine proteinase inhibitor aprotinin
did not (Figure 3a). Moreover, anti-MMP-8-neutralizing
antibody blocked its penetration, whereas control IgG or
anti-MMP-2-neutralizing antibody as a specificity control did
not (Figure 3b). In two-dimensional cultures using a thin
layer of CoL1, MMP-8 inhibitor I showed no inhibitory effect
on neurite outgrowth of DRG neurons (Figure 3c).
MMP-8 are localized at growth cones of cultured DRG neurons
The distribution of MMP-8 was examined immuno-
cytochemically in DRG neurons cultured for 48 hours in the
presence of 10 ng ml1 NGF. The cultured neurons were
also stained with anti-tropomyosin receptor kinase A rece-
ptor antibody for detection of NGF-responsive nerve fibers.
MMP-8 immunoreactivity was observed in the nerve fibers,
including the growth cones of tropomyosin receptor kinase
Aþ fibers (Figure 4).
Modulation of MMP-8 expression by other factors
To examine the possibility that other factors modulate
MMP-8 expression, axonal outgrowth assays were performed
using the BCC system with concentration gradients of
both NGF and Sema3A. The nerve fiber penetration into
CoL1 gel induced with the NGF concentration gradient
was inhibited by Sema3A in a dose-dependent manner
(Figure 5a).
To further examine the effects of Sema3A stimulation on
NGF-induced MMP-8 expression, qRT-PCR analyses
were performed on DRG neurons grown in the BCC system.
MMP-8 expression in the cultured neurons was increased in
the presence of the NGF concentration gradient, and the
increase was significantly inhibited by Sema3A stimulation
(Figure 5b).
The effects of ECM components on MMP-8 expression
were also analyzed by qRT-PCR on DRG neurons cultured on
Boyden chamber membranes coated with poly-D-lysine or
various ECM proteins in the presence of the NGF concentra-
tion gradient (Figure 5c). MMP-8 expression was upregulated
by CoL1 and CoL3, which are substrates for the enzyme. The
level of gene expression was also increased by basement
membrane components, such as CoL4 and laminin or
Matrigel, although the abilities of these ECM components to
induce gene expression were lower than that of CoL1. Non-
substrates, such as fibronectin and poly-D-lysine, had no
effect on its expression.
DISCUSSION
This study using the BCC system showed that nerve fiber
penetration into the CoL1 gel was induced by the NGF
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Figure 2. Expression of matrix metalloproteinase-8 (MMP-8) in the cultured
dorsal root ganglion (DRG) neurons. (a) In quantitative reverse
transcriptase-PCR analysis, MMP-8 expression was increased in
DRG neurons cultured for 48 hours in the presence of nerve growth factor
(NGF) concentration gradient. (b) Western blotting of MMP-8 on
conditioned media (CM) from the Boyden chamber culture system. Lane 1,
rrMMP-8; lane 2, human neutrophil lysates; lane 3, CM from neuronal
cultures without the NGF concentration gradient; lane 4, CM from
neuronal cultures with the NGF concentration gradient. PMN,
polymorphonuclear leukocyte. (c) The membrane stained with Ponceau
solution after western blotting. (d) In semiquantitative analysis, the MMP-8
levels were modestly increased in the presence of NGF concentration
gradient. The values in a and d represent the means±SD of three independent
experiments (*Po0.01).
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concentration gradient. The axonal outgrowth assays also
showed that NGF induced expression of MMP-8 in the
cultured neurons, and an inhibitor and a neutralizing
antibody for MMP-8 inhibited penetration of nerve fibers
across the membrane. The inhibitor had no effect on neurite
outgrowth of DRG neurons grown on CoL1 gel in two-
dimensional cultures. The MMP-8 inhibitor was designed
previously and investigated by comparative molecular field
analysis and X-ray structure analysis (Matter et al., 1999).
Its specificity has been demonstrated in previous in vitro
studies using enzyme assays, and the inhibitory constant 50
of the inhibitor was 4 nM (Matter and Schwab, 1999; Matter
et al., 1999). This may also be supported by the data from
our axonal outgrowth assays. Moreover, the isomer of MMP-8
inhibitor, aprotinin, and anti-MMP-2-neutralizing antibody
did not inhibit the penetration of nerve fibers in this study.
MMP-8 cleaves CoL1 at a higher rate than CoL3 (Jeffrey,
2001). Therefore, our findings suggest that NGF-inducible
MMP-8 is involved in the process of nerve fiber penetration
into CoL1 gel. A recent study indicated that MMP-8 levels
in wash samples taken from the lesional skin surface of
patients with AD are higher than those of healthy controls
and unaffected AD skin (Harper et al., 2010). Thus, non-
neuronal cell-derived collagenases may also contribute
indirectly to nerve fiber penetration in vivo.
MMP-8 is mainly produced by neutrophils, where it is
concentrated in secretory granules that are degranulated on
neutrophil activation (Lin et al., 2008). However, it has
become evident that MMP-8 can be expressed in a wide
range of cells, mainly in the course of different inflammatory
conditions (Van Lint and Libert, 2006). Our expression
analyses showed that the cultured DRG neurons expressed
MMP-8 transcripts. Moreover, the expression of MMP-8 was
induced by the NGF concentration gradient, and the amount
of MMP-8 in the conditioned medium was increased. Thus,
the neuronal MMP-8 may function in the biological events
during the development and disease conditions. Our
immunocytochemical study of cultured DRG neurons also
showed that MMP-8 is present within nerve fibers including
growth cones. Therefore, these data suggest that MMP-8
secreted from nerve fibers cleaves interstitial CoLs, and
thereby promotes nerve growth within the CoL gel.
Our data showed that the amount of secreted MMP-8 was
modestly increased compared with that at the RNA level.
This suggests the existence of a membrane-bound MMP-8
form in the neurons as well as polymorphonuclear cells
(Owen et al., 2004). Another possibility is that MMP-8
transcripts are localized and stored in developing nerve
fibers and growth cones. When the nerve fibers newly
extend, the growth responses are mediated by rapid protein
synthesis and degradation in the nerve fibers and growth
cones, but not from cell bodies (Wu et al., 2005), because a
great deal of time and energy are necessary to synthesize the
nerve growth-related genes in the cell bodies of the DRG,
and to transport the proteins to the nerve endings distributed
in the skin after they are translated (Campbell and Holt,
2001). These findings may also explain the differences in the
MMP-8 mRNA and protein levels.
An inactive form of MMP-8 is activated by serine
proteases, such as cathepsin G, chymotrypsin, tissue plasmi-
nogen activator, and urinary plasminogen activator, as well
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Figure 3. Involvement of matrix metalloproteinase-8 (MMP-8) in nerve fiber
penetration into collagen 1 gel. (a) In the Boyden chamber culture system,
the number of Tauþ fibers that crossed the collagen 1 gel-coated membrane
was increased by the nerve growth factor (NGF) concentration gradient,
whereas the penetration was inhibited by MMP-8 inhibitor I (MMP-8i) in
a dose-dependent manner. MMP-8i negative control (MMP-8i NC) and
aprotinin (AP) had no inhibitory effect on nerve fiber penetration.
(b) Neutralizing antibody (ab) to MMP-8, not MMP-2, blocked the nerve fiber
penetration in the Boyden chamber culture system. (c) Two-dimensional
cultures using a thin-layer collagen 1 showed that neurite outgrowth of
DRG neurons grown on collagen 1 gel was not inhibited by MMP-8i.
The values in a and c represent the means±SD of three independent
experiments (*Po0.01).
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as several MMPs, such as MMP-3, -7, -10, and -14, and
even several bacterial proteases (Van Lint and Libert, 2006;
Page-McCaw et al., 2007). These observations indicate that
MMP-8 activation is indeed strongly regulated and mostly
limited to sites of inflammation. Our expression analyses
using western blotting showed that tissue plasminogen
activator proteins, not cathepsin G, were present in the
conditioned medium of DRG neuronal cultures without
induction by NGF stimulation (Supplementary Figure S3
online). Therefore, neuronal tissue plasminogen activator
may constitutively convert pro-MMP-8 into the active form in
our culture system. This was supported by the results of
axonal outgrowth assay with aprotinin, which does not
inhibit plasminogen activators (Sprengers and Kluft, 1987).
In addition, pro-MMP-8 may be activated by other serine
proteases as described above from non-neuronal cells in
the skin.
MMP-8 expression in the cultured neurons was modulated
by other factors in addition to NGF, such as Sema3A,
which induces growth cone collapse and axonal repulsion
(Fujisawa, 2004). This molecule inhibited nerve fiber
penetration because of the NGF concentration gradient,
concomitant with downregulation of MMP-8, suggesting
reciprocal nerve fiber penetration mechanisms between
these two molecules. Such effects of Sema3A were also
found in our previous study using the BCC system (Tominaga
et al., 2009a). Increases in nerve density are observed in the
dermis of patients with AD or psoriasis (Urashima and
Mihara, 1998; Nakamura et al., 2003). Similar findings
have been observed in animal models, such as NC/Nga
mice (Tominaga et al., 2009b). A recent study showed
that spontaneous scratching is enhanced by intradermal
injection of pruritogens in a mouse model of chronic dry skin
(Akiyama et al., 2010). This hyperknesis may be because of
sensitization of itch-signaling neurons. Indeed, anti-NGF
and NGF receptor inhibitor approaches or recombinant
Sema3A replacement approaches suppressed pruritus in
atopic NC/Nga mice (Takano et al., 2005, 2007; Yamaguchi
et al., 2008). Therefore, the participation of MMP-8 under
the control of the axonal guidance molecules is suggested
in these clinical backgrounds.
Additional factors are components of the ECM, especially
substrates for MMP-8. A role of integrins in growth cone
movement during neural development and repair has been
suggested by in vitro studies of neurite outgrowth on different
ECM components (Reichardt and Tomaselli, 1991). In
addition, neurotrophins and ECM together induce robust
axon outgrowth (Goldberg et al., 2002; Liu et al., 2002),
suggesting that coordinated activation of neurotrophin and
ECM-integrin signaling is necessary for efficient and long-
distance axon extension (Rossino et al., 1990; Lefcort et al.,
1992; Grabham and Goldberg, 1997; Werner et al., 2000;
Danker et al., 2001). Thus, when the elongation of nerve
fibers is initiated by NGF stimulation in our BCC system or
in vivo, integrins will be accumulated at the growth cone
to interact with a variety of ECM components (Grabham
and Goldberg, 1997). During this process, MMPs are required
for the growth cone to abrogate the three-dimensional ECM
barriers. Appropriate MMPs corresponding to surrounding
ECM components of the growing nerve fibers are probably
selected and upregulated for efficient nerve fiber penetration.
This may also affect the gene expression of molecules
involved in pro-MMP activation. This is supported by our
previous observation that MMP-2 expression is enhanced by
its substrates in cultured DRG neurons (Tominaga et al.,
2009a). Meanwhile, Sema3A stimulation on the growing
nerve fiber may provide a reverse signaling pathway in
these events because class 3 semaphorin signaling inhibits
integrin-mediated adhesion signaling (Zhou et al., 2008).
Therefore, although the integrin-mediated regulatory system
remains unclear from the results of this study, such a
mechanism may be applicable to pruritic skin diseases
involving hyperinnervation.
MATERIALS AND METHODS
Antibodies and reagents
The antibodies and reagents used in this study are described in the
Supplementary text online.
DRG neuron cultures
Neonatal rat DRG neurons were purchased from Lonza Walkers-
ville (Walkersville, MD), and maintained in serum-free medium
MMP-8 TrkA Merged
Figure 4. Immunocytochemical distribution of matrix metalloproteinase-8 (MMP-8) in cultured dorsal root ganglion neurons. (a) Neurons cultured
for 48 hours in serum-free medium supplemented with 10 ng ml1 nerve growth factor were immunostained with anti-MMP-8 (green) antibody.
(b) The cells were also immunostained with anti-tropomyosin receptor kinase (TrkA; red) antibody. (c) MMP-8 immunoreactivities were observed in
the growth cones of TrkAþ fibers. Yellow parts show double labeling. White arrowheads in c show the tips of nerve fibers. Bar¼47.62 mm.
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consisting of Dulbecco’s minimal essential medium/F12 (Invitrogen,
Carlsbad, CA) supplemented with 0.1 or 10 ng ml1 NGF, 0.5% N-2
supplement, 87.5 ng ml1 5-fluoro-20-deoxyuridine, 37.5 ng ml1
uridine, 50 U ml1 penicillin, and 50mg ml1 streptomycin at
37 1C, 5% CO2 according to the manufacturer’s recommendations.
CoL1 was used in the DRG neuron culture system for axonal
outgrowth assays using Boyden chambers. For immunocyto-
chemistry, DRG neurons (5 103 cells) were plated in the wells of
Biocoat CultureSlides (BD Falcon, Bedford, MA) coated with CoL1
in 1 ml of culture medium as described above.
Axonal outgrowth assays using a BCC system
Ice-cold CoL1 solution, 10minimal essential medium, and
reconstitution buffer containing 0.05 N NaOH, 2.2% NaHCO3,
and 200 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
were mixed at a ratio 8:1:1, and the mixture was kept on ice to
prevent gel formation. The ice-chilled reconstituted CoL solution
(40 ml per chamber) was added to the upper surface of the 0.4 mm
pore size polyester insert of a 24-well Boyden chamber (Millipore,
Beverly, MA), and allowed to gel at 37 1C for 30 minutes. DRG
neurons (1 104 cells) were placed on the CoL gel in 200ml of
culture medium with 0.1 ng ml1 NGF. Then, 1 ml of culture
medium with 10 ng ml1 NGF was also added to the lower chamber
of the BCC system. In some experiments, MMP-8 inhibitor I
(5 or 50 nM), MMP-8 inhibitor I negative control (50 nM), aprotinin
(0.2 or 20mg ml1), anti-MMP-8 (10 mg ml1), and anti-MMP-2
(10 mg ml1) were added to both upper and lower chambers of the
BCC system, and recombinant Sema3A protein (10 or 100 ng ml1)
was added to the lower chamber only.
After culture for 48 hours in this system, the cells were fixed
with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The
CoL1 gel-coated membrane was removed from the Boyden
chamber, and then stained with anti-Tau antibody. Immunofluores-
cence staining of the underside of the membrane was observed by
confocal laser scanning microscopy (DMIRE2; Leica, Wetzlar,
Germany), which revealed nerve fibers that had crossed the CoL1
gel-coated membrane. For measurement of the number of crossed
nerve fibers, three membranes in each group were stained with
anti-Tau antibody. The number of Tauþ fibers per membrane
was hand counted by two researchers (ST and AK) in a blinded
manner.
Immunocytochemistry
Cells were fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) for 10 minutes. They were washed three times
with phosphate buffered saline (phosphate-buffered saline (PBS),
pH 7.4) for 5 minutes and blocked in PBS with 2% bovine serum
albumin and 5% normal donkey serum for 1 hour at room
temperature. Cells were overlaid with primary antibodies at working
dilutions and incubated for 16 hours at 4 1C. After washing with PBS,
the cells were incubated with secondary antibodies for 1 hour at
room temperature. After washing with PBS, they were mounted in
Vectashield mounting medium (Vector Laboratories, Peterborough,
UK). Immunoreactivity was visualized by confocal laser scanning
microscopy.
Neurite outgrowth assays in two-dimensional cultures of DRG
neurons
Wells of 24-well tissue culture plates were coated with a thin layer
of CoL1, and then DRG neurons (5 103 cells) were plated on
each well for neurite outgrowth assays. Cells were maintained in
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Figure 5. Modulation of matrix metalloproteinase-8 (MMP-8) expression by
semaphorin 3A (Sema3A) or extracellular matrix components. (a) Axonal
outgrowth assays in the Boyden chamber culture system with
concentration gradients of both nerve growth factor (NGF) and Sema3A.
Sema3A dose dependently inhibited NGF-induced nerve penetration.
(b) Quantitative reverse transcriptase-PCR analysis of MMP-8 expression in
the cultured neurons. Sema3A inhibited NGF-induced MMP-8 expression.
(c) Quantitative reverse transcriptase-PCR analysis of MMP-8 expression in
the neurons cultured on various extracellular matrices in the presence of NGF
concentration gradient. Results are shown as values compared with the
levels of gene expression in neurons cultured on the MG-coated membrane.
The values in a and c represent the means±SD from three independent
experiments. *Po0.05. CoL, collagen; FN, fibronectin; MG, Matrigel; LN,
laminin; PDL, poly-D-lysine.
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serum-free medium as described above. In some experiments,
MMP-8 inhibitor I (5, 25, or 50 nM) was added to the medium. After
culture for 48 hours, the cells were fixed with 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4) for 10 minutes. The fixed cells in
each well were observed by phase-contrast microscopy (DMIL;
Leica). For quantification of neurite outgrowth, photographs were
taken of nine random fields per well, and the length of the longest
process of DRG neurons was measured with BZ-H2A software
(Keyence, Osaka, Japan). At least 100 cells from two replicate wells
per group were analyzed in each experiment. The data from three
independent experiments (at least 300 cells per group) were used for
statistical analysis.
Methylthiazole tetrazolium assay
Wells of 96-well tissue culture plates were coated with a thin layer
of CoL1 and then DRG neurons (5 103 cells) were cultured in
serum-free medium with NGF (0.1 or 10 ng ml1). In some
experiments, Sema3A (10 or 100 ng ml1), MMP-8 inhibitor I
(5, 25, or 50 nM) or vehicle (PBS or dimethyl sulfoxide) was added
to the medium, concomitant with 10 ng ml1 NGF. After culture for
48 hours, cell viability was determined by methylthiazole tetra-
zolium Cell Growth Assay (Millipore) according to the manufac-
turer’s instructions. The data from three independent experiments
were used for statistical analysis.
Western blotting analysis
Conditioned media were collected from DRG neurons for 48 hours
in the BCC system, and then concentrated with Amicon Ultra-4
(Millipore) according to the manufacturer’s instructions. Human
neutrophil lysates were prepared according to the protocol described
previously (Nakayama et al., 2008). Aliquots of 15mg of total protein
were loaded per lane. Samples, rat recombinant MMP-8 standard
(30 ng per lane) and molecular weight markers were subjected to 10%
SDS-PAGE. After electrophoresis, western blotting was performed as
described previously (Tengara et al., 2010) using goat anti-MMP-8
antibody (1:1,000 dilution; R&D Systems, Minneapolis, MN). After
western blotting, the membranes were stained with Ponceau solution.
Densitometry was also performed with a Scion Image software (Scion,
Frederick, MD) for semiquantitative analysis.
Total RNA preparation
DRG neurons were cultured in the BCC system for 48 hours.
To prepare total RNA from the cultured cells, the membranes coated
with various ECM proteins were removed from the Boyden chamber,
and then total RNA was isolated with an RNeasy Fibrous Tissue Mini
kit (Qiagen KK, Tokyo, Japan) according to the manufacturer’s
instructions. Universal Rat Reference RNA (Stratagene, La Jolla, CA)
was used as a positive control qRT-PCR.
qRT-PCR analysis
The protocols for qRT-PCR analysis were described previously
(Tominaga et al., 2007b). The primers used in this study are listed in
Supplementary Table S1 online. They were designed to meet specific
criteria and were synthesized by Perfect Real Time support
system (TaKaRa, Kyoto, Japan). The PCR specificity was confirmed
by dissociation curve analysis and gel electrophoresis. The levels of
gene expression were calculated relative to expression of ribosomal
protein S18 (RPS18).
Statistical analysis
Statistical analyses were performed by two-tailed Student’s t-test
and one-way analysis of variance with Bonferroni’s multiple
comparison test.
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